Abstract. The recent flood lavas on Mars appear to have a characteristic "platy-ridged" surface morphology different from that inferred for most terrestrial continental flood basalt flows. The closest analog we have found is a portion of the 1783-1784 Laki lava flow in Iceland that has a surface that was broken up and transported on top of moving lava during major surges in the eruption rate. We suggest that a similar process formed the Martian flood lava surfaces and attempt to place constraints on the eruption parameters using thermal modeling. Our conclusions from this modeling are (1) in order to produce flows > 1000 km long with flow thicknesses of a few tens of meters, the thermophysical properties of the lava should be similar to fluid basalt, and (2) the average eruption rates were probably of the order of 104 m3/s, with the flood-like surges having flow rates of the order of 10 s -106m3/s. We also suggest that these high eruption rates should have formed huge volumes of pyroclastic deposits which may be preserved in the Medusae Fossae Formation, the radar "stealth" region, or even the polar layered terrains.
likely vents from Viking data [Plescia, 1990; Edgett and Rice, 1995] . The most recent MOC images show small lava flows emanating from both sides of some of the Cerberus Rupes fissures, confirming that they indeed served as volcanic vents [McEwen et al., 1999c] . However, there is still no conclusive proof that most of the large flood lavas were fed from Cerberus Rupes. Also, the Cerberus Rupes fractures cut all the lava flows, indicating that it has been tectonically active more recently than it has been a volcanic vent.
One of the ongoing limitations in working with the Martian flood lavas is our inability to trace individual flows. The Viking data do not have the resolution to allow flow margins to be confidently traced. The MOC data cover only a tiny fraction of the Cerberus Plains, allowing only extremely discontinuous sampling. Our best estimate for the extent of a single flow is shown in the lightest shading in Figure 1 . This area corresponds to the brightest radar returns reported by Harmon et al. [1999] . It also follows the local topographic gradient away from the presumed vents along Cerberus Rupes. It is relatively dark in the Viking images, and the freshest looking lavas in MOC images fall within this area. Also, the radar bright area terminates at the same area as the flow terminus seen in Figure 4 .
On a smaller scale the flows appear to have 100-to 1000-m-size lobes at the margins, but the larger sheets are generally not captured in any single MOC frame (3-10 km wide). From the small areas sampled by MOC and the subtle mottling in the Viking images, we tentatively infer that both the widths and lengths of the individual sheets are of the order of tens of kilometers. Only a few sheet-like lobes can be seen to be less than a kilometer wide (e.g., [Davies, et al., 1992] . Note rafted plates of lava that can be jigsaw fit in a pattern consistent with flow to the NW or SE. The wake behind an obstacle in the NE corner of the image (arrow) shows that the flow direction was actually to the NW. Larger, curving ridges in the plates are probably pressure ridges formed during the collision of plates. Thin, involute ridges within the brighter material between the plates are probably squeeze-ups of lava formed after the lava surface stagnated.
Terrestrial Analogs
Without well-studied terrestrial analogs to provide a qualitative model for the Martian flood lavas, it is impossible to pin down the physical processes to include in quantitative lava flow models. Current lava flow models require some basic assumptions about how the flow advances (e.g., tubefed versus channel-fed). Even empirical relationships between eruption parameters and flow dimensions [e.g., Walker, 1973; Pieri and Baloga, 1986; Kilburn and Lopes, 1991 ] are critically affected by the style of emplacement. In this section we will show that portions of the 1783-1784 Laki lava flow in Iceland may be the best available analog to the Martian flood lavas.
Continental Flood Basalts
The Martian flood lavas derive their name from their obvious similarities to terrestrial continental flood basalts (CFBs). Continental flood basalt provinces typically cover more than 106 km 2 with a lava pile kilometers thick [e.g., Macdougall, 1988] . When not deeply eroded, they are also characterized by flat, plateau-like, topography [e.g., Greeley and King, 1977]. The best preserved and most extensively studied CFB province is the Columbia River Basalt Group (CRBG). The CRBG consists of 174,300 ñ31,000 km 3 of dominantly basaltic-andesite lava covering 163,700 ñ5000 km 2 of area. These lavas are divided into approximately 40 stratigraphic units that contain >300 individual "flows". The lavas have radiometric ages between 17 and 6 Ma, but the majority of the lava was erupted between 16.5 and 15.3 Ma [Tolan et al., 1989 ]. Comparison to other CFB provinces shows that most CRBG lava flows are similar to the majority of lava flows found in other flood basalt provinces [e.g., Hooper, 1982; Self et al., 1998 ].
Although continental flood basalt provinces have been studied extensively, their flows are not sufficiently well preserved or exposed for the original surface morphology to be directly observed. Instead, the surface morphology must be inferred from observations made in cross sections along natural and artificial cliffs. Such examination of the CRBG lava flows indicates that they were primarily emplaced as inflated pahoehoe lava flows [Self et al., 1997 ]. However, it is important to note that only one unit, the Roza Member of the Wanapum Formation, has the combination of exposure and preservation that has allowed the details of an entire flow field to be described [e.g., Shaw Thordarson and Self, 1998 ]. Most other CRBG flow fields are either too poorly exposed or too extensively eroded for such detailed study. Thus there is a continuing debate about the role of inflation in the emplacement of other CRBG lava flows [e.g., Reidel, 1998 ]. Other terrestrial flood basalt provinces (including the Deccan, Entendeka, Kerguelen, Parana, and Keewena) also appear to be dominated by inflated pahoehoe [Self et al., 1997 Locally high strain rates (relative to the lava viscosity) lead to tearing and disruption of the crust [Peterson and Tilling, 1980] . In Hawaii, aa flows with disrupted crusts begin to form at effusion rates above about 15 m3/s [Rowland and Walker, 1990] . However, the Roza Member of the CRBG is an inflated pahoehoe flow that was emplaced at approximately 2000 m3/s [Thordarson, 1995; Thordarson and Self, 1998 ]. In the case of the Roza eruption, the lava front was tens of kilometers wide, so the much higher volumetric effusion rate did not translate into rapid flow rates or high strain rates. Thus high volumetric effusion rates, by themselves, do not rule out emplacement as inflated pahoehoe 
The 1783-1784 Laki Eruption
The eruption in 1783-1784 at Laki, Iceland, produced a large flow field that has many similarities to CFB lava flows, but also has areas with a morphology that is strikingly similar to the Martian flood lavas. The Laki eruption is the largest Figures 12 and 13) . The lava in this area is covered by a few centimeters of moss, but the underlying flow top can be seen to be brecciated, forming a lava surface unlike any common examples in Hawaii. The closest Hawaiian analog to this disrupted crust is slab pahoehoe, a form of lava transitional between pahoehoe and aa [Macdonald, 1953] .
We infer that the rafted crustal plates initially formed on a relatively stagnant flow and were disrupted and transported by a later surge in the flow rate. This is directly analogous to the manner in which the ice cover on a partially frozen river breaks up during spring floods ("undanhlaups" in Icelandic). Recorded observations of the flows advancing through the areas shown in Figures 12 and 13 include reports of the lava surging forward at 2-5 times the average rate for several hours [Steingrirnsson, 1998 ]. Table I require while active. In particular, the increase in crystallinity is calculated from the cooling rather than using petrological data from samples collected from the active channel. Atmospheric convective cooling and viscous heating were also added, with flow rates calculated assuming a Newtonian rheology while the flow is laminar and using the formulas presented by Goncharov [1964] 
Several points in
where T is the core temperature, x is the down flow direction, Qvisc is the viscous heating, Qrad is radiative heat losses, Qatm is atmospheric heat loss, Qentr is the heat lost from the core of the flow via entrainment of the crust, <v> is the average flow velocity, p is lava density, Cp* is heat capacity including latent heat, and H is the flow depth. Viscous heating is described by equation (2), and radiative heat losses can be expressed as Qrad = •;*f(74-ra4),
where e is emissivity (-0.95), , is the Stefan-Boltzmann factor, f is the fraction of core exposed, and T, is the ambient temperature [Crisp and Baloga, 1990 ]. The atmospheric heat loss has a similar expression, Qatm-' h f(T-Ta),
where h is the atmospheric heat transfer coefficient, which has an approximate value of 70 W m '2 K 'l on the Earth [Keszthelyi and Denlinger, 1996] . This value should be directly proportional to atmospheric density and heat capacity [e.g., Arya, 1988] , suggesting a value of-1 for Mars. Heat transfer due to entrainment of the crust is Qentr = 19 re, Hc (T-T0 / z,
where Hc is the thickness of the crust, T• is the average temperature of the crust, and z is the average time a piece of crust survives before being entrained back into the core of the flow.
The sheet flow is assumed to be laminar while the Reynolds number (Re) is less than 500. We note that the value of Re marking the transition to turbulent flow depends on both the exact version of the Reynolds number used and the geometry of the flow. The various permutations of Re and the critical Re that permeate the published literature were discussed by Keszthelyi and Self[1998b] . In this paper we use Re = p rh <v> / rl,
where rh is the length scale of the largest physical perturbation that can propagate down the length of the flow (i.e., the flow thickness for a sheet), <v> is the average velocity, and rl is viscosity. where Cf is a friction factor and •, is an empirically derived fit to experiments of fluid flow that are moderately turbulent [Goncharov, 1964] .
Combining these equations, the Keszthelyi and Self Thick 100,000 1 10 700 these three cases "thin" crust, "medium" crust, and "thick" crust. The parameters used for each case are listed in Table 2 but require some justification. In general, we assume that a thinner crust will be both hotter and more rapidly destroyed.
In the "thin" crust case, we examine the possibility that the crust is only centimeters thick. Such a thin crust would be expected to be disrupted and reincorporated into the flow in a matter of minutes. The extensively disrupted crust would also expose a relatively large portion of the interior of the flow.
The values listed in Table 2 km 2 and has a radar-absorbing cover at least several meters thick [Butler, 1994] . Extremely porous reticulite is a prime candidate for this surface cover, but in situ sampling will probably be necessary to confirm this hypothesis [ 
